Clemson University

TigerPrints
All Theses

Theses

8-2018

Optimizing Cathode Catalyst Loading in Microbial
Peroxide-Producing Cells For Greywater
Disinfection
Emily Lauren Murawski
Clemson University, emilymurawski@ymail.com

Follow this and additional works at: https://tigerprints.clemson.edu/all_theses
Recommended Citation
Murawski, Emily Lauren, "Optimizing Cathode Catalyst Loading in Microbial Peroxide-Producing Cells For Greywater Disinfection"
(2018). All Theses. 2923.
https://tigerprints.clemson.edu/all_theses/2923

This Thesis is brought to you for free and open access by the Theses at TigerPrints. It has been accepted for inclusion in All Theses by an authorized
administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.

OPTIMIZING CATHODE CATALYST LOADING IN MICROBIAL
PEROXIDE-PRODUCING CELLS FOR
GREYWATER DISINFECTION

A Thesis
Presented to
the Graduate School of
Clemson University

In Partial Fulfillment
of the Requirements for the Degree
Master of Science
Environmental Engineering and Science

by
Emily Lauren Murawski
August 2018

Accepted by:
Dr. Sudeep Popat, Committee Chair
Dr. David Freedman
Dr. David Ladner

ABSTRACT
Water and wastewater treatment utilities require large amounts of energy
inputs, and new technologies are being sought to reduce the energy costs
associated with traditional treatment strategies. For wastewater treatment
systems that separate blackwater and greywater, microbial fuel cells may
represent a novel treatment technology in which electroactive bacteria are fed
energy-rich blackwater to produce electrical power or other valuable coproducts.
Microbial peroxide-producing cells are a variation on microbial fuel cells that
produce hydrogen peroxide (H2O2), which is a powerful disinfectant that can be
combined with advanced oxidation processes to effectively remove chemical
oxygen demand as well. This research examines parameters that affect the
production of H2O2 at the cathode of a microbial peroxide-producing cell,
including carbon catalyst loading and current density. The potential for in situ
disinfection of coliforms in the cathode chamber using the electrochemically
produced H2O2 is then considered.
Vulcan carbon catalyst loadings of 0.5, 1.5, and 3.33 mg/cm 2 on a carbon
cloth cathode were compared with a control cathode with no additional catalyst
added. The control produced the highest cathodic Coulombic efficiency for H 2O2
production, and the 0.5 mg/cm2 catalyst loading produced the next highest
efficiencies. Cathodic Coulombic efficiencies decreased with increasing catalyst
loading. However, linear sweep voltammograms show that the application of a
carbon catalyst is still justified, because the addition of any of the tested catalyst
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loadings resulted in large decreases in cathodic overpotential. Scanning electron
microscope images and X-ray computed tomography showed that increased
catalyst loadings corresponded to decreased porosities within the electrodes,
which may cause a more tortuous path of diffusion for the electrochemically
generated H2O2, causing decreased cathodic Coulombic efficiencies.
The effects of applied current density were then examined using current
densities of 0.1, 0.5, and 1 mA/cm2. The lowest current density produced the
lowest concentrations of H2O2 and the lowest changes in pH over the four hour
experiments. The highest current density produced the highest concentrations of
H2O2 and the largest pH changes. At 1 mA/cm 2, experiments performed on the
0.5 and 1.5 mg/cm2 cathodes showed linearly increasing concentrations until
around 950-1050 mg/L H2O2, where concentrations began to level off. A closer
examination of pH data led to the hypothesis that at pH values close to the pKa
of H2O2, changes in the relative speciation of H2O2 lead to increased
decomposition of H2O2, which caused concentrations to stabilize instead of
continuing to increase linearly.
Finally, the potential for in situ disinfection was examined by passing a
synthetic greywater containing a representative coliform loading through the
cathode at current densities of 0.1 and 1 mA/cm 2 for 60 minutes and 10 minutes,
respectively. Relatively high levels of coliform inactivation occurred, and were
believed to be enhanced by the presence of iron in the synthetic greywater,
which may have led to the formation of additional hydroxyl radicals.
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1.

INTRODUCTION

Water and wastewater treatment utilities require large amounts of energy
inputs, accounting for about 35 percent of typical US municipal energy budgets. 1
However, there is a large amount of chemical energy contained within
wastewater, and if that energy could be harnessed during treatment processes,
the energy costs associated with wastewater treatment would drop dramatically.
Microbial fuel cells (MFCs) have a promising outlook in wastewater treatment,
because they can convert the chemical energy contained in wastewater into
usable products, such as electrical power, while simultaneously decreasing the
organic content in the wastewater. Microbial peroxide-producing cells (MPPCs)
are a variation on MFCs in which the usable product hydrogen peroxide (H 2O2) is
generated at the cathode instead of electrical power.2
H2O2 is a useful chemical in the context of wastewater treatment because
it is a strong disinfectant and chemical oxidant that can be used in tertiary
treatment. It produces free hydroxyl radicals which can attack membrane lipids,
deoxyribonucleic acids (DNA), and other essential cell components. It can also
be combined with ultraviolet (UV) irradiation, ozone, or with iron as a part of
Fenton’s reagent, to result in oxidation of biologically recalcitrant organics in
methods known as advanced oxidation processes (AOPs).
This research examines parameters that affect rates and extents of H 2O2
production at conditions relevant to MPPCs, including current density and
cathode catalyst loading. Previous studies have shown that lower catalyst
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loadings lead to higher H2O2 production efficiencies on smooth cathodes, and
this research examines if the same holds true for gas-diffusion cathodes.
Furthermore, the potential of the produced H2O2 concentrations to be used in
disinfection processes within the cathode chamber of an MPPC is examined.
Through optimization of operating parameters, it may be possible to create
an MPPC which can feed blackwater (the wastewater from the flushing of toilets,
containing urine and human feces) to bacteria in the anode and produce a
current that can be used to reduce oxygen to H2O2 at the cathode. This H2O2
could then be used for the disinfection of greywater (wastewater without fecal
contamination, i.e. all streams except for the wastewater from toilets), and when
paired with advanced oxidation techniques, may be used for chemical oxygen
demand (COD) removal as well. In effect, the energy content from blackwater
may be used to treat greywater in systems where black and greywater are
traditionally separated, such as on space vessels, in recreational vehicles (RVs),
and on remote military bases, with minimal or no energy input.

2

2.
2.1.

BACKGROUND

Microbial Fuel Cells

Fuel cells are a technology that physically separate oxidation and
reduction reactions through the use of an anode and cathode chamber,
separated by an ion exchange membrane (IEM). In an MFC, the oxidation
reaction in the anode chamber is catalyzed by microorganisms which produce a
current that is then then consumed in reduction reactions in the cathode
chamber. In the traditional form of MFCs, the electrons liberated in the oxidation
reaction are used in the reduction of oxygen in the presence of precious metal
catalysts, resulting in the 4e- Oxygen Reduction Reaction (ORR), as seen in
Equation 1.3,4 A schematic of a traditional MFC can be seen in Figure 2-1.
O2 + 2 H2O + 4e- → 4OH-

(E°’ = + 0.81 VSHE)

Eq. 1

Figure 2-1. Schematic of a traditional MFC, which uses bacteria to oxidize
organics at the anode and a precious metal catalyst to reduce oxygen to OH - at
the cathode. The chambers are separated by an IEM.
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MFCs have a variety of advantages over other technologies that are used
to generate energy from organic matter. First, they can operate efficiently at
ambient, and even low, temperatures. Second, there is no gas treatment required
for MFCs, because the off-gases of an MFC are primarily carbon dioxide,
whereas the off-gases of anaerobic digestion contain high concentrations of the
potent greenhouse gas methane. Third, the oxygen required for the reduction
reactions at the cathode is usually passively introduced to the system (via
diffusion), so no energy inputs for aeration are required. Finally, MFCs can
increase the variety of fuel sources used to meet our energy needs and be used
in locations lacking electrical infrastructure.5
2.2.

Microbial Peroxide Producing Cells

An MPPC is a type of MFC in which electrons are consumed at the
cathode to partially reduce oxygen to hydrogen peroxide (H2O2) instead of to
water, via the 2e- ORR shown below.2 Using a carbon catalyst instead of a
precious metal catalyst, the possible reactions at the cathode, as a function of
pH, are shown below in Equations 2a and 2b.2,6 A schematic highlighting the
key differences of an MPPC is shown in Figure 2-2.
O2 + 2 H2O + 2e- → H2O2 + 2OH-

(E°’ = + 0.28 VSHE) pH < 11.8 Eq. 2a

O2 + H2O + 2e- → HO2- + OH-

(E°’ = + 0.28 VSHE) pH > 11.8 Eq. 2b
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Figure 2-2. Schematic of an MPPC, which uses bacteria to oxidize organics at
the anode and a carbon-based catalyst to reduce oxygen to H 2O2 at the cathode.
The chambers are separated by a cation exchange membrane (CEM).
The maximum total voltage available from a fuel cell (Ecell) is given by the
formula:
Ecell = Ecathode - Eanode
The reaction at the anode of an MFC can be modeled using small, easily
oxidizable organic molecules such as acetate (CH3COO-)3:
CH3COO- + 4H2O → 2HCO3- + 9H+ + 8e-

(E°’ = - 0.28 VSHE)

Eq. 3

Combining Equations 1 and 3, a traditional MFC has a total theoretical
maximum voltage of 1.09 V, while the maximum voltage of an MPPC is only 0.56
V (from Equations 2 and 3). However, in addition to this voltage, an MPPC also
produces the valuable coproduct H2O2. H2O2 is a desirable product because it is
a strong chemical oxidant that can be used for disinfection of water. 7 In systems
where blackwater and greywater are stored separately, it may be possible to use
5

the energy content of the blackwater to produce enough H 2O2 to disinfect the
greywater, which has a much lower microbial load than the blackwater. There are
a variety of systems that collect and store blackwater and greywater separately,
including transportation vehicles such as RVs, cruise ships, planes, life support
systems onboard space vessels8, and military bases.9 If MPPCs could produce
high enough H2O2 concentrations, low-cost in situ treatment of greywater would
be possible because the energy required to produce H 2O2 would come from the
treatment of the blackwater, and because the carbon catalyst used to produce
H2O2 is cheaper than the precious metal catalysts that are used to maximize
power production.3
To achieve high H2O2 concentrations and thus potential in situ treatment,
a high Coulombic efficiency is needed for the MPPC. The overall Coulombic
efficiency of the MPPC depends on both the Coulombic efficiency of the anode
reaction and that of the cathode reaction10, and is defined as the cathodic
efficiency multiplied by the anodic efficiency. The cathodic Coulombic efficiency
(ηcathode) is defined as the percentage of electrons that are used to reduce oxygen
to the desired end product (in the case of an MPPC, this product is H 2O2) and is
defined by the following equations2:
ηcathode = ( [H2O2]actual / [H2O2]theoretical ) * 100 %

Eq. 4a

[H2O2]theoretical = *

Eq. 4b

*

*
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where I is current in mA, F is Faraday’s constant (96485

), V is the cathode

volume (mL), and HRT is hydraulic retention time of the cathode chamber in
hours. The anodic efficiency (ηanode) is defined by the following equations:
ηanode = (Iactual / Itheoretical) * 100 %

Eq. 5a

Itheoretical = 𝐶

Eq. 5b

* 𝐹*

*

*

where CCOD is the concentration of acetate in the blackwater (

). The

present research focuses on optimizing ηcathode.
2.3.

Electroactive Bacteria

MFCs require specialized bacteria to operate at the anode. Most
microorganisms use respiration processes that involve a soluble electron
acceptor (such as O2 or NO3-) that becomes reduced during the oxidation of
compounds such as glucose to produce adenosine triphosphate (ATP). However,
some bacteria can respire to solid compounds, including metal oxides and
carbon and metal electrodes. These bacteria are known as anode-respiring
bacteria (ARB), and by transferring electrons to the solid anode, they produce an
electrical current. In MFCs, this electrical current is then transferred through an
external circuit where it can be used for reduction of oxygen at the cathode. 11
ARB primarily use simple fermentation products such as acetate and other
volatile fatty acids (VFAs), and so when complex feeds such as domestic or
industrial wastewaters are fed to MFCs, a larger microbial community including
hydrolysing bacteria and fermenters is needed.
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2.4.

Fuel Sources for MFCs

One of the most important factors affecting electricity generation from an
MFC is the complexity of the substrate that is broken down at the anode. 12 An
assortment of substrates ranging from pure compounds to synthetic and real
wastewaters made up of complex mixtures of organic matter have been used in
MFC studies.13 The ideal fuel for an MFC should have high concentrations of
easily biodegradable organic matter, which gives it a high energy density, and
high solution conductivity to minimize internal resistance. 14 Acetate is a
commonly used substrate in laboratory MFCs because it is the end product of
several metabolic pathways for higher-order carbon sources. 13,15 Brewery
wastewater is often used both in laboratory studies as well as pilot-scale studies
because of the food-derived nature of organic matter and because high
concentrations of inhibitory substances (such as the ammonia often found in
animal wastewaters, which inhibits the development of the ARB biofilm on the
cathode16) are not present.17 Synthetic wastewaters with a well-defined
composition are also common in laboratory studies because they allow for easy
manipulation of parameters such as loading strength, pH, and conductivity. 13
One potential fuel source for an MFC is blackwater, because it contains
highly concentrated sources of organic matter and conductive salts. Most
domestic wastewater treatment plants treat a mixed influent containing
blackwater, greywater, stormwater, and infiltration. Greywater, which is water
from sinks, showers, bathtubs, and laundry facilities, has a much lower organic
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matter content than blackwater. In communities where access to water is limited,
greywater is often reused as toilet water, with remote military bases even
extending its uses to showering and firefighting.18 Combining blackwater with
other sources of wastewater, such as greywater or stormwater, decreases its
potential as an MFC fuel because it decreases the concentration of organic
matter and conductive salts. Therefore, MPPCs can be best applied in the
previously mentioned systems which already separately collect and store
blackwater and greywater.
Feeding blackwater to MFCs poses specific challenges, because it has a
high particulate loading which must first be broken down via hydrolysis to
produce smaller, low molecular weight compounds that can be converted to fatty
acids such as acetate that electroactive bacteria can use. 14 This initial step has
been shown to be the rate limiting step in many anaerobic catabolic processes.
Its rate depends on parameters such as HRT, feed COD concentrations, and
temperature.19 A mixture of syntrophic and fermentative organisms are also
needed to produce the model fuel source acetate. 20
2.5.

Peroxide uses

H2O2 is a strong chemical oxidant and disinfectant with a variety of
applications. It is commonly referred to as an environmentally friendly chemical,
because the only degradation products of its use are water and oxygen, and
because it produces much lower concentrations of harmful disinfection
byproducts (DBPs) than other disinfectants. The traditional method used to
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produce H2O2 is the anthraquinone oxidation (AO) process, which requires
significant energy inputs as well as the use of organic solvents, neither of which
qualify the production process as a sustainable technology. 21 Additionally, the
safe transportation and storage of large quantities of H2O2 contribute to higherthan-necessary costs when using the chemical on an industrial scale. 22
Therefore, new technologies which allow for onsite production of H2O2 without
using the AO process will not only decrease waste products generated during
production, but will also reduce costs related to transportation.
H2O2 is used extensively for pulp and paper bleaching, textile bleaching,
and chemical synthesis.3 About 50% of the annual world production of H2O2 is
used in the pulp and paper bleaching industries, because it is a viable alternative
to chlorine-based bleaches and helps keep halogenated compounds out of waste
streams. Approximately 10% is used by the textile industry, where it is often
chosen over sodium hypochlorite and sodium hyposulfite because these
competitors are severely toxic and corrosive. 21 It has been injected into the
subsurface at a number of bioremediation sites, where it degrades into oxygen
and water, increasing oxygen concentrations and thus boosting biodegradation
rates of microbes in areas where oxygen would otherwise be considered a
limiting factor.23
H2O2 can also be coupled with AOPs for efficient COD removal.6 H2O2
can form intermediates such as the hydroperoxide ion (HO 2-), the superoxide ion
(O2ॱ), and the hydroxyl radical (HOॱ), which differ in terms of reactivity, with HOॱ
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being the most reactive and HO2- being the least reactive.24 Hydroxyl radicals are
the second most powerful oxidant after fluorine21, and there are a variety of
processes that can create hydroxyl radicals from H2O2. The reaction of ozone
(O3) and H2O2 forms hydroxyl radicals according to the following reaction 25:
O3 + H2O2 → HOॱ + O2 + HO2-

Eq. 6

UV light can also cause the formation of hydroxyl radicals:
H2O2 [+UV] → 2HOॱ

Eq. 7

H2O2 can also combine with ferrous iron (Fe2+) to form Fenton’s reagent:
Fe2+ +H2O2 → Fe3+ + HOॱ + OH-

Eq. 8

In this commonly used reaction scheme, the ferrous iron initiates and
catalyzes the decomposition of H2O2. Fenton reaction wastewater treatment
processes have been shown to be highly effective at removing many organic
pollutants from water, usually degrading them completely into harmless end
products including carbon dioxide, water, and inorganic salts. 25 The Fenton
system is one of the most promising technologies for removing toxic organic
pollutants from water and wastewater because in addition to the formation of
hydroxyl radicals, ferrous and ferric iron are both coagulants, so the Fenton
process can also assist in coagulation treatment processes. Badawy and Ali 26
tested the effectiveness of Fenton’s reagent on COD and color removal in an
industrial wastewater with an initial COD of 1600 mg/L, and examined the effects
of a variety of pH conditions and H2O2 doses. They found that the maximum
COD and color removal (90% and 100%, respectively) occurred at a pH of 3
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(±0.2) and an H2O2 dose of 550 mg/L. Additionally, the Fenton’s reagent process
created a lower volume of sludge than a traditional coagulation process, which
could decrease operating costs in a full scale reactor. Jenkins et al. 27 also
mention the use of H2O2 for controlling bulking sludge in the activated sludge
process.
Liquid chemical disinfection (as opposed to ozonation or UV irradiation) is
appealing due to low capital costs, simple operation, and low maintenance costs.
Thus, numerous studies have been performed to test the effectiveness of H 2O2
as a disinfectant in water and wastewater applications. Generally, H 2O2 has been
found to be more effective against Gram-positive than Gram-negative bacteria,
such as the Gram-negative coliform Escherichia coli.28 Alasri et al. 29 investigated
the inactivation of E. coli, Staphylococcus aureus, and Pseudomonas aeruginosa
by H2O2 and by a combination of H2O2 and peracetic acid. They found that
concentrations upwards of 700 mg/L H2O2 were required to cause 5-log
reductions of E. coli when using contact times of two hours, but when used in
combination with 0.75 mg/L of peracetic acid, the required H 2O2 dose decreased
to 100 mg/L. Wagner et al.28 investigated the possibility of using H2O2 as a
disinfectant for a municipal wastewater treatment plant with the goal of reducing
fecal coliforms from 106 to 107 cfu/100 mL to 104 cfu/mL. They found that doses
of 100-500 mg/L H2O2 were needed to reach this goal while using a contact time
of two hours, with the lower doses corresponding to ferric chloride-coagulated
effluents. Using these doses, they found substantial H 2O2 residuals at the end of
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their two hour contact time. This may be beneficial to disinfection processes
treating waste streams with larger organisms, such as protozoa, or in situations
where biofilms may be an issue, because the long-lived residuals may overcome
the barriers associated with diffusion limitations.
2.6.

Cathode design
2.6.1.

pH conditions

The pH of an MFC is an important consideration in terms of efficiency. The
optimal pH value for ARB functions is 730, so a circumneutral pH is preferred in
the anode chamber. However, studies have shown that the H 2O2 produced in the
cathode chamber is more stable at lower pH values. When using a phosphate
buffer solution (PBS) with a pH of 4.5, Young et al. 6 noted a 6% reduction in
H2O2 concentration over 120 hours, while a PBS with a pH of 7.5 resulted in a
21% reduction over the same time period. In a pH 11.5 Na 2CO3 solution, they
saw a 99% reduction in H2O2 concentration within 24 hours. Thus, maintaining a
neutral or acidic pH at the cathode is ideal for H 2O2 production and stability.
Kolyagin and Kornienko31 performed an in-depth study on the
accumulation kinetics of H2O2 produced on carbon-based gas-diffusion cathodes
with regards to pH. They found that different factors affected the accumulation
kinetics of H2O2 when the pH changed from alkaline to acidic conditions. In acidic
conditions, H2O2 is relatively stable and not dissociated, and decomposes
according to the following equation:
2H2O2 → 2H2O + O2

Eq. 9
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In alkaline conditions, H2O2 can dissociate and form hydroperoxide ions
according to the following equation:
H2O2 + OH- → HO2- + H2O

Eq. 10

When hydroperoxide ions begin to accumulate in alkaline conditions, new
decomposition pathways occur:
2HO2- → 2OH- + O2

Eq. 11

HO2- + H2O2 → H2O + OH- + O2

Eq. 12

Thus, accumulation kinetics are affected by a combination of
decomposition within the gas-diffusion electrode (Equations 9, 11, and 12) and
by further reduction of H2O2 to H2O (Equation 10). The authors then claim that
under alkaline conditions, the rate of H2O2 reduction to H2O within the electrode
is often low enough to be considered negligible. Therefore, under alkaline
conditions, the accumulation rate of H2O2 is limited by its rate of chemical
decomposition in the cathode chamber (Equations 11 and 12). Under acidic
conditions, the opposite is true: the accumulation rate is limited mainly by the rate
of subsequent H2O2 reduction to water within the electrode, which is determined
by the concentration of the H2O2 and H+ ions within the electrode pore volume31.
The issue of pH in MFCs and MPPCs is complicated by the fact that the
pH of the anode and cathode chambers will not remain constant over time with a
constant applied current. Whether the 4e- or 2e- ORR (Equations 1 and 2,
respectively) occurs, the production of OH- ions during H2O2 or H2O synthesis
increases the cathode pH.6 In turn, when using a CEM, the pH of the anode
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chamber decreases as Na+ and other positive ions move across the membrane
from the cathode chamber to the anode chamber to keep the ionic strength of the
electrolyte approximately equal on each side of the membrane, causing H + ions
to accumulate in the anode chamber.
The amount of change in the pH over time depends on the buffering
capacity of the solution in each chamber and the current flowing through the
system. Higher currents are synonymous with a faster flow of electrons from the
anode to the cathode, and this means there are more electrons available to
participate in reduction reactions at the cathode. Therefore, higher currents
produce higher concentrations of OH- in the same amount of time than lower
currents, resulting in faster pH changes within both chambers. Anode-respiring
bacteria can produce a range of different currents depending on operating
conditions, and different currents produce different amounts of change in the pH
conditions of both chambers of an MPPC. Since pH has been shown to be an
important factor in the accumulation kinetics of H 2O2, different applied currents to
the cathode should be examined to discern the effects of changing pH
conditions.
2.6.2.

Catalyst and Catalyst Loading

Many different catalysts have been proven capable of producing H 2O2 via
the 2e- ORR instead of H2O via the 4e- ORR using a rotating ring disk electrode
(RRDE). Biddinger et al.32 used nitrogen-containing nanostructured carbon and
commercial platinum/Vulcan carbon catalysts with loadings ranging from 142 to
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1420 μg/cm2 on an RRDE half-cell to examine the effects of catalyst loading on
the selectivity of the ORR for water production. They found that the selectivity of
the cathodes for water formation increased with increasing catalyst loading.
Similarly, Bonakdarpour et al.33 tested the effects of different catalyst loadings of
their Fe-N-C catalysts on the selectivity of the ORR. They found that more H 2O2
was released into the electrolyte increased as the catalyst loading decreased. Li
et al.34 examined carbon-supported cobalt diethylenetriamine catalyst loadings
ranging from 50-800 μg/cm2 in an RRDE setup and also concluded that
increasing catalyst loading improved the selectivity of the ORR for water
formation.
The previous research related to different catalysts and the effects of their
thicknesses has been performed on RRDE assemblies, which require the coating
of a two-dimensional smooth, glassy cathode with the catalyst. Thus, these
previous studies have shown that the application of more catalyst leads to a
thicker catalyst layer on the cathode. However, smooth cathodes are not actually
used in MPPCs in practice. Instead, three-dimensional cathodes are used
because they are better suited for H2O2 production due to a larger interfacial
electrode surface area and high mass transfer. 35 These cathodes are typically
multilayered, containing a gas diffusion layer (GDL) which allows for the passive
introduction of oxygen into the system, the cathode itself, and the catalyst, as
seen in Figure 2-3. Thus, when varying catalyst loadings in the present research,
the hypothesis was that lower catalyst loadings would result in thinner catalyst
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layers on the cathode, resulting in higher cathodic Coulombic efficiencies as
seen in previous studies conducted on RRDE setups.

Figure 2-3. The multilayered nature of the cathodes used in MPPCs.
2.7.

Research Objectives

This research is part of a larger project related to water management
strategies for systems which separate greywater and blackwater. The overall
goal of using MPPCs is to use the energy contained within blackwater to produce
H2O2 for the disinfection of greywater. Specifically, the objectives of this research
are:
1. Determine the optimal catalyst loading on the cathode. Cathodes
with catalyst loadings of 0.5, 1.5, and 3.33 mg/cm 2 were tested for
cathodic Coulombic efficiencies by applying a constant current and
measuring H2O2 concentrations over a four hour time period.
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2. Examine the effects of different applied current densities on H 2O2
production. Current densities of 0.1, 0.5, and 1.0 mA/cm 2 were applied to
each cathode and H2O2 concentrations were measured over a four hour
time period.
3. Examine the relationship between catalyst loading and cathode
architecture. Each catalyst loading was imaged using a high resolution
S4800 scanning electron microscope (SEM) at magnifications of 500X,
1000X, and 2000X. Computed tomography (CT) scans were used to
approximate the porosities of each catalyst loading.
4. Determine if the H2O2 produced can be used for in situ treatment
disinfection of a synthetic greywater. Current densities of 0.1 and 1
mA/cm2 were applied to cathodes with catalyst loadings of 0.5 and 1.5
mg/cm2 while recirculating a synthetic greywater containing coliforms from
a municipal wastewater treatment plant through the cathode chamber.
Inactivation of coliforms was measured using a plating method.
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3.
3.1.

CATHODE CATALYST LOADING OPTIMIZATION

Materials and Methods
3.1.1.

Cathode Preparation

Three different catalyst loadings for gas-diffusion cathodes were tested to
determine cathodic Coulombic efficiencies. To prepare the cathodes, three
square pieces of CeTech Carbon Cloth (Fuelcellstore.com) with dimensions of
approximately 6 cm x 6 cm were cut out. CeTech Carbon Cloth is a woven
carbon cloth with a microporous layer (MPL) that acts as a gas diffusion layer on
one side, giving it a total thickness of 410 um. A square of approximately 5 cm x
5 cm in the center of each cloth was coated with the appropriate amount of
Vulcan carbon catalyst ink, corresponding to Vulcan carbon catalyst loadings of
0.5, 1.5, and 3.33 mg/cm2. The control was a 6 cm x 6 cm square of CeTech
Carbon Cloth without any Vulcan carbon ink applied.
The carbon catalyst ink was prepared by adding 0.5 g of Vulcan XC 72R
carbon powder to 1 mL of deionized (DI) water in a sterile 20 mL scintillation vial.
Then, 5 mL of Nafion ® D-521 dispersion (5% w/w in water) was added to the
bottle, and the mixture was placed in an ultrasonic bath for 30 minutes. The ink
was then placed on a magnetic stirrer at a speed of 300 rpm for 24 hours. The
final mass of the ink was 5.94 g.
The carbon catalyst ink was dispensed onto the carbon cloths by pipetting
0.15 mL, 0.45 mL, and 1.0 mL (corresponding to Vulcan carbon loadings of 0.5
mg/cm2, 1.5 mg/cm2, and 3.33 mg/cm2, respectively) volumes of ink onto the
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carbon cloth, on the side opposite to the MPL, and spreading them with a
paintbrush. The cathodes were allowed to dry overnight before testing began.
3.1.2.

SEM Imaging

A cross-section of each cathode was imaged at the Clemson University
Electron Microscopy Lab in Anderson, SC using a high resolution S4800 SEM.
Samples of approximately 2 cm x 2 cm were first clamped between two glass
microscope slides, with half of the sample in between the slides and half sticking
out. The clamped samples were placed in liquid nitrogen for approximately 10
minutes. This helped freeze the fibers of the cloth in place so that they didn’t
bend or shift when cut. Then, a razor blade was used to cut off a slice off the
piece of the cloth that was sticking out of the glass slides, which was then
discarded. The piece of the cloth that was sticking out of the glass slides was
then mounted on a stub using double sided tape, with the edge that had been
sliced with the razor oriented towards the electron beam. Each sample was
imaged at 500X, 1000X, and 2000X.
3.1.3.

X-ray Computed Tomography

A laboratory X-ray CT system, VECTor4CT (MILabs, The Netherlands)
was used to obtain 3D images of all cathodes. Samples for imaging were
prepared as 1 mm x 1 mm squares. Each sample was placed between foam in a
horizontal tube that was inserted into the CT system. A source voltage of 55 kV
and a current of 0.27 mA was used for each sample. A 3D reconstruction of each
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cathodes was performed using ImageJ, along with the Volume Viewer plugin. All
images were first processed via automatically correcting threshold.
To determine the porosity of each cathode, 10 cross-sectional images
located 10 μm apart were taken from each 3D reconstruction in the X-Z direction.
These images were further processed using MATLAB. The carbon within each
image was set to appear as pink, and empty pore space was set to appear as
black. MATLAB was used to count the number of pink and black pixels within
each image, and the porosity of each cathode was calculated by finding the
cross-sectional area of these pores and extrapolating them a distance of 10 μm.
The porosity of each cathode was then calculated as the average of the 10
values.
3.1.4.

Electrochemical Cell Construction

Two identical electrochemical cells were constructed for this research. The
electrochemical cells were made with three 10 cm x 10 cm plexiglass plates, as
seen in Figure 3-1. Two of the plates had a 5 cm x 5 cm hole cut out in the
center. The plate that did not have a hole in the center served as a backplate for
the anode chamber. The plate with the hole that served as the anode chamber
was 1.3 cm thick, and the plate with the hole that served as the cathode chamber
was 0.5 cm thick. Gaskets were used as necessary between the plates to
prevent leaks. The anode and cathode chambers were separated by a CEM,
which was chosen because it is less susceptible to H 2O2 degradation than anion
exchange membranes (AEMs).6 The membrane used was a Chemours Nafion
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membrane (Fuelcellstore.com) and had a thickness of 127 um. The final volumes
of the anode and cathode chambers were about 40 mL and 20 mL respectively,
although these volumes varied slightly between experiments due to the flexibility
of the membrane.
Each chamber of the electrochemical cell had two holes in the top. The
holes in the anode chamber allowed for the insertion of a reference electrode and
for filling the chamber with a conductive salt solution. The holes in the cathode
chamber were created to allow for a recirculation line to keep the cathode
chamber well mixed for the duration of the H2O2 production experiments. The
cathode chamber was contained by the membrane on one side and the cathode
on the other side. The MPL of the cathode faced outside of the reactor to allow
air to diffuse into the cathode chamber, and the Vulcan carbon catalyst-coated
layer of the cathode faced into the cathode chamber. The anode was the same
carbon cloth used for the cathode, but did not have an MPL. The layers of the
electrochemical cell were held together with eight screws and wingnuts.
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Figure 3-1. Expanded view of the electrochemical cells used for these studies.
3.1.5.

Electrochemical Cell Setup

The reference electrode used was an RE-5B Ag/AgCl reference electrode
with flexible connector from Bioanalytical Systems, Inc. It was inserted into a hole
at the top of the anode chamber. For each experiment, the anode chamber was
filled with a 100 mM phosphate buffer solution (PBS) containing 35 mM of
Na2HPO4 and 65 mM of NaH2PO4∙H2O. The final pH of the solution was 6.456.50.
The cathode chamber was filled with the same 100 mM PBS. The solution
was pumped into the cathode using a Masterflex ® pump and the exact volume
contained within the cathode chamber and the tubing was recorded at the start of
each experiment. The cathode volumes ranged from 19-21 mL. Once the
chamber was full, recirculation began by setting the pump speed corresponding
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to a recirculation rate of 25 mL/min. The recirculation line was intended to ensure
the contents of the cathode chamber were well-mixed, and since the volume of
the cathode chamber was about 20 mL, the slightly higher value of 25 mL was
chosen to allow for recirculation of the entire chamber each minute. The
electrochemical cell was connected to a BioLogic VMP3 Multi-Channel
Potentiostat. EC-Lab software was used to set a constant current to the reactor.
Each cathode was tested at currents of 2.5, 12.5, and 25 mA for 4 hours,
corresponding to current densities of 0.1, 0.5, and 1 mA/cm 2 across a 25 cm2
cathode. In a full MPPC, this current would be supplied by the ARB, but a
potentiostat was used in these experiments to avoid fluctuations in microbial
activity. Each cathode/current combination was run in triplicate.
3.1.6.

Linear Sweep Voltammograms

Linear sweep voltammograms (LSVs) were performed at the start of each
experiment, before beginning H2O2 production tests, to examine differences in
polarization curves between the control and the cathodes with different catalyst
loadings. To perform the LSVs, either the ZIR technique or current interrupt (CI)
technique was first used to determine the ohmic drop in the electrochemical cell.
The ohmic drop of a system is a result of the solution resistance between the
working electrode and the reference electrode, and if it is not measured and
compensated for, then there can be a significant difference in the applied
potential and the potential received by the electrodes. The ZIR and CI techniques
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measure or calculate the uncompensated resistance (Ru) and automatically
compensate for it on other techniques in the EC-Lab software. 36
ZIR measurements were done at open circuit with an amplitude of 20 mV
and a frequency of 100 KHz. Ten measurements were taken, and Ru was
determined as the average of these 10 measurements. The percentage of
compensation can be set by the user, and for all experiments, compensation was
set to 100%.
In CI, a current step is applied and stopped and Ru is determined as the
ratio of the measured difference in voltage before and after stopping the current
and the set current. The current step is applied for multiple cycles and the
average value is used for Ru. All CI measurements were done by applying the
current to be set for the chronopotentiometry experiment, with a total of 4
measurements. Like ZIR, the percentage of compensation for CI can be set by
the user, and for all experiments, compensation was set to 100%.
LSVs were then performed between -0.6 to +0.6 V vs. Ag/AgCl for each
Vulcan carbon catalyst coated cathode, with a scan rate of 20 mV/s. For the
control cathode, the LSVs were performed between -1.0 and 2 V vs. Ag/Ag/Cl.
3.1.7.

H2O2 Production Experiments

After the LSVs were performed, the Chronopotentiometry (CP) method
was used to apply constant current to the electrochemical cells. CP is a method
in which a constant current is applied between the working and the counter
electrode, and the potential is measured as a function of time. 36 Prior to each CP
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experiment, Ru was also measured using ZIR or CI. All ZIR or CI parameters
remained the same as described in Section 3.1.6.
Once the current was set using EC-Lab software, liquid samples were
taken from the cathode every 30 minutes. To take the samples, the pump was
turned off and the tubing was disconnected from one of the ports in the cathode.
A volume of approximately 0.25 mL was extracted at each time point, which
allowed for two H2O2 concentration measurements at each time point (a volume
of 0.1 mL was required for each measurement, as described below in Section
3.1.8). The exact volume extracted from the cathode was recorded and
accounted for in subsequent H2O2 concentration calculations, because in a
cathode of approximately 20 mL, removing even small volumes from the cathode
produced significant differences in concentration calculations. The tubing was
then reconnected to the cathode and the pump was turned back on until the next
sampling point. At the end of each 4-hour experiment, the pH of the anode and
cathode chambers were measured using a Thermo Scientific Orion STAR A211
pH meter. Additionally, the concentration of H2O2 in the anode chamber was
measured at the end of each experiment to ensure that the membrane was
functioning properly and had not been damaged.
3.1.8.

H2O2 Measurements

H2O2 concentrations were measured using the method described in
Arends et al.37 A standard curve of absorbance vs. H2O2 concentration was
produced by adding 0.1 mL volumes of known concentrations of H 2O2 to 1 mL of
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Titanium(IV) oxysulfate-sulfuric acid solution (27-31% H2SO4 basis) and 0.9 mL
of DI water in a 2 mL plastic cuvette. The concentrations of H 2O2 used to create
the standard curve were 0, 50, 100, 150, and 200 mg/L. The cuvettes were
covered in parafilm and inverted twice, and then allowed to sit for 10 minutes
while the reaction occurred. Then, their absorbance was measured in a VWR
UV-1600PC spectrophotometer at 405 nm which had been blanked with a
cuvette containing 2 mL of DI water. The average of the two absorbance
measurements at a time point were used to calculate H 2O2 concentration at that
time. Higher concentrations of H2O2 resulted in darker yellow colors developing in
the cuvettes. The resulting absorbances were plotted, resulting in a standard
curve of y = 0.0128x + 0.0322 with an R2 value of 1, as seen in Figure 3-2. It is
important to note that the Titanium(IV) oxysulfate-sulfuric acid solution was
sufficiently acidic to protonate any HO2- ions, so this process measured the total
concentration of H2O2 and HO2- in the samples.
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Figure 3-2. Standard curve of absorbance vs. H2O2 concentration, prepared from
2 replicates.
3.2.

Results and Discussion
3.2.1.

Effect of Catalyst Loading

Consistent with previous studies performed on RRDE setups, lower
catalyst loadings on gas-diffusion cathodes also generally produced higher H 2O2
concentrations, resulting in higher cathodic Coulombic efficiencies, as seen in
Figures 3-3a and b. The 0.5 and 1.5 mg/cm2 cathodes performed very similarly
to each other at all current densities tested, while the 3.33 mg/cm 2 cathode
consistently produced lower concentrations and thus lower efficiencies than the
other cathodes.
Figures 3-3 a and b show the average H2O2 concentrations and cathodic
Coulombic efficiencies at a current density of 1.0 mA/cm 2. The 0.5 and 1.5
28

mg/cm2 cathodes had similar production efficiencies of 26-65% and 27-60%,
respectively, whereas the 3.33 mg/cm2 cathode had much lower production
efficiencies ranging from 21 to 33%. This data for the 0.1 and 0.5 mA/cm 2 current
densities is shown in Appendix A. The trends are similar, with the 0.5 and 1.5
mg/cm2 catalyst loadings producing similar H2O2 concentrations to each other,
while the 3.33 mg/cm2 catalyst loading produced much lower concentrations than
all other cathodes. A control experiment was also performed at the highest
current density using the control carbon cloth cathode with no Vulcan carbon
catalyst added. The control gave the highest cathodic Coulombic efficiencies of
50-89%.

(a)
(b)
Figure 3-3. (a) H2O2 concentrations and (b) cathodic Coulombic efficiencies for
three different catalyst loadings at a current density of 1 mA/cm2. All
concentrations and efficiencies are the averages of three replicates. Error bars
represent one standard deviation. The control was a piece of carbon cloth with
no Vulcan carbon catalyst ink.
The effects of catalyst loading on selectivity for the products of oxygen
reduction have been well-documented. Biddinger et al. 32 examined the selectivity
of the ORR due to catalyst loading using CNx and Pt catalysts on glassy carbon
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cathodes in an RRDE setup with a goal of maximizing water production. They
found that higher loadings of both the CNx and Pt catalysts led to higher
selectivity for water formation, although the trend was less pronounced for the Pt
catalyst. Additionally, Bonakdarpour et al.33 found the same trend in their RRDE
experiments on iron-nitrogen-carbon electrodes, and Li et al. 34 reported that
catalyst loading of their carbon-supported cobalt diethylenetriamine affected the
selectivity of the ORR on their RRDE setup.
In all cases, this was believed to be the result of a two-step mechanism in
the reduction of oxygen to water. In this process, oxygen is first reduced to H 2O2,
which is subsequently reduced to water. Water and H2O2 are the only possible
products of oxygen reduction in an MPPC, so higher H 2O2 production efficiencies
correspond to a higher selectivity of the 2e- ORR and lower H2O production
efficiencies.
On an RRDE setup, the addition of more catalyst increases the thickness
of the catalyst layer and the distance the H2O2 needs to diffuse before being
detected in solution. This provides a higher probability that any H 2O2 produced
will come into contact with more catalyst sites and subsequently be reduced to
water (H2O2 + 2H+ + 2e- →2H2O).32,33 Alternatively, with these longer diffusion
pathways, the H2O2 can also react chemically with itself in order to produce water
and oxygen (2H2O2 → 2H2O + O2).33 Even at higher loadings and thicker catalyst
layers, there is still some production of H2O2, because the electrochemical
conversion of O2 to H2O2 happens throughout the entire catalyst layer. If the
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reaction happens closer to the bulk electrolyte, then the H 2O2 is still able to
diffuse through the remainder of the layer before being converted to water. 33
Biddinger et al.32 further investigated this hypothesis by testing if their CN x
catalyst had the ability to reduce H2O2 to water, and found that it did, which
further supported the two-step mechanism. Thus, the above results are
consistent with previous studies, as they show that lower catalyst loadings led to
higher H2O2 concentrations and higher cathodic Coulombic efficiencies for H 2O2
production.
3.2.2.

Comparison of Linear Sweep Voltammograms

The results shown in Section 3.2.1 raise an important question. If an
uncoated carbon cloth produced the highest cathodic Coulombic efficiencies and
H2O2 concentrations, then there may not be a need for the application of a
Vulcan carbon catalyst at all. However, there is another benefit to adding the
carbon catalyst ink. Figure 3-4 shows the LSVs for each of the cathodes, along
with that of the control. The top dashed line represents the theoretical potential of
the cathode reaction for the 2-e- ORR (+0.32 VSHE), and the bottom dotted line
represents the theoretical potential of the anode reaction for the oxidation of
acetate (-0.26 VSHE). The difference between the theoretical potential of the
cathode reaction and the potential of a given cathode at a given current is known
as that cathode’s overpotential. Minimizing overpotential leads to a higher
voltage efficiency. In a practical sense, any cathodes which produce LSVs that lie
between the theoretical potentials of the anode and cathode reaction allow the
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cathode reaction to proceed without any external energy input. Any cathodes
which produce LSVs outside this range will require external energy input for ORR
to proceed, which contrasts the overall objective of this research, which is to use
the energy contained within blackwater to produce H2O2 for the disinfection of
greywater.

Figure 3-4. Linear sweep voltammograms of the 0.5, 1.5, and 3.33 mg/cm 2
cathodes and the control at room temperature and an ionic strength of 100 mM.
Clearly, the control shows a much higher overpotential than any of the
cathodes coated with the catalyst, falling outside the acceptable range at a
current density below 0.2 mA/cm2. Therefore, the control cathode would not allow
for the production of H2O2 at current densities above this value unless external
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energy was added into the system. This is a problem, as the typical range of
current densities produced by the ARB is from 0.1-1 mA/cm 2.
In contrast, each of the cathodes with Vulcan carbon catalyst ink would
allow for the production of H2O2 throughout the full range of ARB-produced
current densities. It appears that the addition of any amount of Vulcan carbon
catalyst causes a dramatic decrease in the overpotential of the cathode. The
lowest overpotential was produced by the highest catalyst loading. Again, as in
the H2O2 production results, the 0.5 and 1.5 mg/cm 2 cathodes show very similar
results. Therefore, although the control had the highest cathodic Coulombic
efficiencies, the application of the carbon catalyst is still justified for the dramatic
increase in voltage efficiency.
3.2.3.

Cathode Categorization

3.2.3.1.

SEM Images

The SEM images showed that different loadings of carbon catalyst ink did
not lead to different layer thicknesses on the cathodes as initially expected.
Figure 3-5 shows a cross section of the highest catalyst loading at a
magnification of 100X. If the carbon catalyst ink formed a distinct layer on top of
the carbon cloth, then intuitively, the highest loading would have the most
noticeable layer of any of the cathodes. However, although the individual fibers of
the carbon cloth can be identified from this image, there is not a distinct layer of
ink sitting on top of the cloth.

33

Figure 3-5. Cross section of the 3.33 mg/cm2 catalyst loading at a magnification
of 100X. The side that was coated with carbon ink is at the top of the photo. The
image was created using the S4800 SEM at the Clemson University Electron
Microscopy Lab.
Images at a higher magnification reveal more about the differences in
distribution of the carbon ink on the different cathodes. Figure 3-6 a, b, c, and d
show cross-sectional images of the control, 0.5, 1.5, and 3.33 mg/cm 2 cathodes,
respectively, at a magnification of 1000X. Although the cloth fibers and the ink
are both made of carbon, there are clear differences in morphology that allow us
to determine the location of the Vulcan carbon catalyst. The fibers of the control,
which had no Vulcan carbon catalyst applied, appear very smooth. Each of the
prepared cathodes show small pieces of Vulcan carbon that appear to coat the
individual fibers of the cloth in a relatively uniform way. This image shows that in
contrast to what was expected, the ink seeps through the entire thickness of the
cloth instead of sitting on the top layer of the woven fibers. The 0.5 and 1.5
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mg/cm2 cathodes appear much more similar in terms of how much ink coats the
fibers, as opposed to the 3.33 mg/cm2 cathode, which shows much larger clumps
of ink and much less empty pore space. This is not surprising, as the 0.5 and 1.5
mg/cm2 cathodes performed similarly in the H2O2 production experiments and
the LSVs as well.

(a)

(b)

(c)
(d)
Figure 3-6. Cross-sectional SEM images of different catalyst loadings at 1000X
magnification: (a) control, (b) 0.5 mg/cm 2, (c) 1.5 mg/cm2, (d) 3.33 mg/cm2
Examination of these images led to a revised hypothesis. Initially, the
reason that higher catalyst loadings resulted in lower cathodic Coulombic
efficiencies was believed to be because higher catalyst loadings resulted in a
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thicker catalyst layer, as had been previously observed in RRDE studies. In
these studies, the thicker catalyst layer increased the length of the perpendicular
diffusion pathway, causing contact with more catalyst sites as molecules diffused
out of the cathode. This in turn was believed to trigger the second step of the two
step mechanism, further reducing the produced H2O2 to H2O. However, with the
discovery that the carbon ink seeps into the cloth and fills the space between the
carbon fibers, this pathway can instead be defined as the actual path that the
H2O2 must travel to reach the electrolyte, which is not necessarily perpendicular.
Instead, for gas-diffusion cathodes, the decrease in cathodic Coulombic
efficiency associated with higher catalyst loadings was believed to be a result of
the decreased porosity.
For the H2O2 concentrations to be measured from the ports in the cathode
chamber, the H2O2 must diffuse through the cathode and enter the electrolyte.
The lack of empty pore space in the 3.33 mg/cm 2 cathode may cause a more
tortuous path for the H2O2 in this cathode. This may lead to the formation of local
pore spaces accumulating higher concentrations of H 2O2 than the bulk electrode.
As stated in Section 2.6.1, under alkaline conditions, the accumulation of HO2ions leads to new decomposition pathways, degrading H2O2 to water, oxygen,
and OH- ions. Thus, the lack of pore space with higher catalyst loadings may
result in higher consumption of the H2O2 within the fibers themselves, which
ultimately leads to lower concentrations of H2O2 measured in solution. The
proposal for this research had proposed creating cathodes with loadings of 0.5,
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1.5, and 5 mg/cm2, but during the preparation of the highest loading, it became
clear that the cloth was saturated with ink before the full 5 mg/cm 2 could be
applied. This makes sense, as the SEM images imply that there is much less
pore space in the 3.33 mg/cm2 cathode than in the other cathodes.
3.2.3.2.

Porosity Measurements from X-ray CT

To confirm the suspicion presented in Section 3.2.3.1, porosity
measurements were made using X-ray CT scans. Figure 3-7 shows the 3D
reconstructions of each cathode. When applied for fuel cell GDLs and membrane
electrode assemblies in a previous study38, X-ray CT scans allowed for
reconstruction of each separate layer in the system, primarily because the
material used for each layer was different. In this research, a GDL consisting of
carbon cloth with a carbon MPL on one side and a Vulcan carbon catalyst ink
coating on the other side was used. Due to the moderate resolution of the CT
system used, 10 μm, and the fact that all layers were composed of carbon with a
fairly similar density, it was not possible to segment each layer separately.
However, Figure 3-7 does show that increasing the carbon loading on the
electrodes leads to more carbon seeping through the cloth, which is also shown
by the SEM images discussed above. On all images, there is a layer of dense
carbon at the bottom of each cathode, representing the MPL. Throughout the rest
of the cathode, increasing carbon loading leads to increased carbon detected
through X-ray CT, instead of just on the top, as one would expect for a typical
GDL. The GDL used in this research, CeTech carbon cloth, has a 30% PTFE
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treated cloth, and these images imply that this treatment is low enough to allow
the ink to seep through during the coating process.

Figure 3-7. 3D reconstructions of each cathode (a) control, (b) 0.5 mg/cm 2, (c)
1.5 mg/cm2, and (d) 3.33 mg/cm2, obtained via the Volume Viewer plugin on
ImageJ. The green color shows the foam support, whereas the pink color shows
the location of carbon.
The 3D reconstructions were processed further using MATLAB to
determine the porosity of each cathode. A total of 10 segments per cathode were
used for porosity determinations, which are shown in Table 3-1. The 10
segments per cathode are shown in Figure 3-8. The porosity determinations
show that the control has a porosity of 66.9%, while each of the other cathodes
have a decreasing porosity with increasing Vulcan carbon loading. Thus, instead
of increased catalyst thickness, the higher catalyst loadings in these experiments
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manifest as decreased porosity of the cloth layer. As discussed above in Section
3.2.3.1, lower porosity leads to higher diffusional resistance for peroxide out of
the catalyst layer, likely affecting the overall cathodic Coulombic efficiency.

Figure 3-8. Segments from 3D reconstruction of each electrode used for
porosity determination from MATLAB.
Table 3-1. Porosity (%) of each cathode sample obtained via image processing
on 3D reconstructions. Ten segments were used for each porosity determination,
and the average values are reported along with standard errors.

3.2.4.

Effect of Current Density

Each of the different catalyst loadings for the gas-diffusion cathodes
showed similar trends with respect to the effects of current density. The lowest
current density, 0.1 mA/cm2, produced the lowest H2O2 concentrations for all
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catalyst loadings, as seen in Figures 3-9a, 3-10a, and 3-11a. This intuitively
makes sense, because lower applied current densities result in less electrons
flowing to the cathode, which means that less electrons are available to
participate in the electrochemical reduction of oxygen. H 2O2 concentrations
appear to increase linearly over the 4-hour time period at the lowest current
density for all catalyst loadings. At the current density of 0.5 mA/cm 2, linearly
increasing H2O2 concentrations were observed for each catalyst loading as well.
These trends for the 0.5, 1.5, and 3.33 mg/cm2 cathodes can be seen in Figures
3-9a, 3-10a, and 3-11a, respectively.

(a)
(b)
Figure 3-9. (a) H2O2 concentrations and (b) cathodic Coulombic efficiencies for
three different current densities at a catalyst loading of 0.5 mg/cm2. All
concentrations and efficiencies are the averages of three replicates. Error bars
represent one standard deviation.
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(a)
(b)
Figure 3-10. (a) H2O2 concentrations and (b) cathodic Coulombic efficiencies for
three different current densities at a catalyst loading of 1.5 mg/cm2. All
concentrations and efficiencies are the averages of three replicates. Error bars
represent one standard deviation.

(a)
(b)
Figure 3-11. (a) H2O2 concentrations and (b) cathodic Coulombic efficiencies for
three different current densities at a catalyst loading of 3.33 mg/cm2. All
concentrations and efficiencies are the averages of three replicates. Error bars
represent one standard deviation.
The highest applied current density, 1 mA/cm2, gave the highest
concentrations of H2O2 for all catalyst loadings. This also intuitively makes sense,
because the highest applied current density would produce the highest amount of
electrons available for the electrochemical reduction of oxygen, regardless of
catalyst loading. The maximum average concentration for the 0.5 mg/cm 2
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cathode was 946 mg/L at a time of 2.5 hours. The maximum average
concentration for the 1.5 mg/cm2 cathode was 1035 mg/L at a time of 3 hours.
The maximum average concentration for the 3.33 mg/cm2 cathode was 746 mg/L
at a time of 4 hours. The results for the 0.5 and 1.5 mg/cm 2 cathodes appeared
to have similar trends, linearly increasing at the start of the experiment before
leveling off at concentrations around 950-1050 mg/L. The 3.33 mg/cm 2 cathode,
however, increased linearly throughout the entire four hour experiment, ending at
a lower final concentration. This may imply that there is a concentration-inhibiting
effect occurring when using the 0.5 and 1.5 mg/cm2 catalyst loadings.
Figures 3-9b, 3-10b, and 3-11b show the H2O2 production efficiencies for
the 0.5, 1.5, and 3.33 mg/cm2 cathodes at the same three current densities. In all
experiments, the 0.1 mA/cm2 current density showed the highest efficiencies at
the 30 minute time point, with some of the trials showing efficiencies above
100%. This may be a result of the very low concentrations present at this time.
The samples measured were diluted 10X during the measurement procedure, so
the values for the 0.1 mA/cm2 experiments at 30 minutes were measuring
concentrations in the 1-5 mg/L range. The lowest non-zero point measured for
the H2O2 standard curve was 50 mg/L. Therefore, there is a chance that the
concentrations of H2O2 present at 30 minutes for the 0.1 mA/cm2 current density
was too low to accurately measure, leading to uncertainties in the calculated
efficiencies.

42

After the 30 minute time point, the cathodic Coulombic efficiencies for all
catalyst loadings at 0.1 mA/cm2 decreased dramatically over the 4 hour
experiment. This leads to another potential reason for the shape of the curves for
the 0.1 mA/cm2 experiments. It is possible that there was a finite amount of
impurities associated with the materials used to make the PBS, and the
decomposition of H2O2 has been shown to rapidly accelerate in the presence of
metallic impurities, especially iron, copper, nickel, manganese, and chromium. 39
These reactions may not have occurred until the H2O2 had reached an adequate
concentration in the PBS. If this were the case, the initial efficiency would be high
as H2O2 accumulated, but as the H2O2 reached an adequate level, the reactions
could begin which would degrade some of the H2O2, leading to lower subsequent
measured concentrations. If this is true, then it is likely that the same
phenomenon was occurring in all experiments, but is the most obvious in the
data from the 0.1 mA/cm2 experiments because the H2O2 concentrations were
much lower than the those produced with higher current densities. Thus, the
degradation of small amounts of H2O2 due to impurities are more apparent at the
lowest current density because they are larger proportions of the total H 2O2
concentration.
The 0.5 and 1 mA/cm2 current densities showed very different trends than
the 0.1 mA/cm2 current density. Production efficiencies for the two higher current
densities were more stable over the 4 hour time periods, although neither current
density consistently produced higher efficiencies in any reactor. For the 0.5
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mg/cm2 cathode, seen in Figure 3-9b, the 1 mA/cm2 current density started at a
slightly higher efficiency than the 0.5 mA/cm 2, but by 2.5 hours, the 0.5 mA/cm2
current density showed the higher efficiency. Figure 3-9a shows that until 2
hours, the H2O2 concentration increased approximately linearly, but after this
time, a “leveling off” begins to occur. After this point, the concentration of H 2O2 in
the reactor stays approximately constant, which accounts for the decrease in
efficiency beginning at 2 hours. These same trends also occurred while using the
1.5 mg/cm2 cathode, as seen in Figures 3-10a and 3-10b.
3.2.5.

Potential Effects of pH

A key difficulty when optimizing MPPCs is determining the effects of
changing pH values. Although the cathode and anode chambers both started at a
pH value of 6.45-6.50, the final pH values of each chamber changed substantially
throughout the 4 hour experiments. As stated previously, the ideal pH value for
ARB functions in the cathode is 7 and H2O2 has been shown to be more stable
under acidic conditions. Thus, the ideal MPPC would have a circumneutral pH in
the anode chamber and a neutral or slightly acidic pH in the cathode chamber.
However, using the current setup, the pH value of the cathode increases as the
electrochemical reduction of oxygen proceeds due to the production of OH - ions:
O2 + 2 H2O + 2e- → H2O2 + 2OH-

(E°’ = + 0.28 VSHE) pH < 11.8 Eq. 2a

O2 + H2O + 2e- → HO2- + OH-

(E°’ = + 0.28 VSHE) pH > 11.8 Eq. 2b

As a result, the pH of the anode chamber decreases as cations (typically Na +)
move across the CEM from the cathode to the anode. This phenomenon can be
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seen in Figure 3-12a and b, which shows the final average pH values of the
anode and cathode chambers after the application of a current for 4 hours.

(a)
(b)
Figure 3-12. (a) Anode pH values and (b) Cathode pH values at the end of the 4
hour experiments. All pH values are the averages of 3 replicates. Error bars
indicate one standard deviation.
The differences in pH appear to be much more dependent on current
density than on catalyst loading. For example, the final average cathode pH
values for the 0.5, 1.5, and 3.33 mg/cm2 catalyst loadings at a current density of
0.1 mA/cm2 were 6.88, 6.88, and 6.89, respectively. The final average anode
values at this current density were 6.19, 6.16, and 6.19, respectively. The
expected trend of an increased pH in the cathode chamber and a decreased pH
in the anode chamber is clearly present, and catalyst loading does not appear to
make a difference in the final pH values, as the values are all very similar across
catalyst loadings.
However, it is obvious that current density has an effect on the final pH
values. As current density increased, final cathode pH increased and final anode
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pH decreased, as seen in Figure 3-12. This is likely a result of increased OHproduction at higher current densities.
Figure 3-13 shows the speciation of H2O2 and HO2- on a pH range
relevant to the present experiments. All of the experiments run at 0.1 mA/cm 2
had final average cathode pH values of about 6.18, so all H 2O2 produced should
have been present as H2O2. No “leveling off” of the H2O2 concentrations occurred
in any of the experiments run at this low current density. The experiments run at
0.5 mA/cm2 had final average cathode pH values of about 9.95, and again, no
noticeable “leveling off” of H2O2 concentrations occurred at this current density.
This pH value is shown by the black line in Figure 3-13, and appears to be
before the speciation begins to change, so again, the majority of the H 2O2
produced should have been present as H2O2.
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Figure 3-13. Speciation curve for H2O2/HO2-. The pKa of H2O2 is 11.8. All “Final
cathode pH” values are the averages of 3 replicates at the end of a 4 hour
experiment at a current density of 1 mA/cm 2. The line at pH = 9.95 indicates the
average final cathode pH of experiments run at a current density of 0.5 mA/cm 2.
The results for the experiments run at 1 mA/cm2 demonstrate some of the
potential effects of pH. The lines in Figure 3-13 show the final average cathode
pH values for these experiments. Experiments using the 3.33 mg/cm 2 catalyst
loading produced a final average cathode pH of 10.00. These experiments
showed linearly increasing H2O2 concentrations throughout the 4 hours, as seen
in Figure 3-11a. This pH value is also before the substantial changes in
speciation begin. However, the experiments run using the 0.5 and 1.5 mg/cm 2
catalyst loadings did show that H2O2 concentrations began to level off before the
end of the 4 hour experiment, as seen in Figures 3-9a and 3-10a. This is likely a
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result of pH changes within the cathode. The final average cathode pH values for
the 0.5 and 1.5 mg/cm2 cathodes at a current density of 1 mA/cm 2 were 10.99
and 10.54, respectively. These values are closer to the pKa of H 2O2, and
therefore, towards the end of these experiments, there was H 2O2 present as both
H2O2 and as HO2-.
This concept also helps understand why the H2O2 concentrations in the
control do not level off at the same concentration as those in experiments with
the 0.5 and 1.5 mg/cm2 catalyst loadings. The final average cathode pH of the
control experiments was 10.41, which is close to, but below, the final cathode pH
of the 1.5 mg/cm2 catalyst loading of 10.54. It is possible that the final cathode
pH of the control experiments was just below the value where speciation begins
to have an impact on H2O2 concentrations, and that if the control experiment was
run for a longer time period, it may reach the pH value that would cause H 2O2
concentrations to stabilize.
It is again important to remember that the procedure used to measure
H2O2 concentrations dropped the pH of the samples significantly, and therefore
accounted for both H2O2 and HO2- present in the samples. Therefore, the
“leveling off” of the H2O2 concentrations for the 0.5 and 1.5 mg/cm 2 cathodes at 1
mA/cm2 cannot simply be attributed to different speciation at these high pH
values. Instead, they are more likely due to the previously mentioned
decomposition pathways that occur when HO2- begins to build up:
2HO2- → 2OH- + O2

Eq. 11
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HO2- + H2O2 → H2O + OH- + O2
The data implies that somewhere within the pH range of 10.00-10.54, the
accumulation of HO2- becomes sufficiently high so as to start these
decomposition pathways.
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Eq. 12

4.
4.1.

CATHODIC GREYWATER DISINFECTION

Materials and Methods
4.1.1.

Synthetic Greywater Preparation

A synthetic greywater based on the SynGrey recipe described by
Thompson et al.40 was prepared, with a few minor changes. Thompson et al.
developed SynGrey by comparing data from 48 real bathroom greywaters in 20
water quality parameters such as pH, turbidity, TSS, COD, phosphate levels, and
ammonia levels. SynGrey was then experimentally validated by comparing
treatment levels of real bathroom greywater and SynGrey after processes
including chlorination, aerobic biodegradation, adsorption, and coagulation. 40 The
actual concentrations and chemicals in the 4 liter sample prepared for the
disinfection experiments are given in Appendix B. All chemicals were dissolved
in DI water. The final COD of the synthetic greywater was measured using Hach
method 8000. High range COD vials were used. The final COD of the prepared
greywater was 100.4 ± 6.6 mg/L and the final pH was 6.77 (COD and pH values
reported in Thompson et al. were 150 mg/L and 7.43, respectively). Differences
in these values may have come from slight differences in the types of cellulose or
yeast extract used. The synthetic greywater was stored at 4°C when not in use.
4.1.2.

Coliforms

A sample of wastewater was collected at the beginning of each week from
the Pendleton/Clemson Regional Wastewater Treatment Plant, located at 310
Greenville Street, Pendleton, SC 29670. The sample was taken after the tertiary
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filters prior to UV disinfection and was collected in a clean 250-mL glass bottle.
This location was chosen because coliforms were still present, but COD was
minimal. The wastewater was stored at 4°C when not in use.
4.1.3.

Electrochemical Cell Setup

All disinfection tests were performed using the 0.5 and 1.5 mg/cm 2
catalyst loading cathodes, as these were shown to produce the highest cathodic
Coulombic efficiencies in the H2O2 production experiments. At the start of each
experiment, 90 mL of the synthetic greywater was combined with 10 mL of the
wastewater sample to provide a representative coliforms loading in the
greywater. The greywater was pumped into the cathode chamber in the same
way as was done for the H2O2 production experiments. Once the cathode
chamber was full, the tubes were connected to result in a closed loop, and the
pump was set to a recirculation rate of 25 mL/min.
The RE-5B Ag/AgCl reference electrode was placed into the anode
chamber, which was then filled with a 10 mM phosphate solution using a syringe
and needle. This solution was made by diluting the 100 mM phosphate solution
described in Section 3.1.5, and this concentration was chosen to be close to the
ionic strength of the greywater, which was calculated at 4.65 mM. Vast
differences in ionic strengths between the anode and the cathode may lead to
diffusion, which we sought to avoid. After the anode chamber was filled, the
electrochemical cell was connected to a BioLogic VMP3 Multi-Channel
Potentiostat.
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4.1.4.

Disinfection Experiments

The settings used in EC-Lab for the disinfection experiments were the
same as those in the H2O2 production experiments, except all experiments were
run at a current (I) of -2.5 mA (corresponding to a current density of 0.1 mA/cm 2)
for durations of 15, 30, 45, and 60 minutes or at a current of -25 mA
(corresponding to a current density of 1 mA/cm 2) for durations of 2.5, 5, 7.5, and
10 minutes. For the control experiments, no current was passed to the reactors,
and the cathode chambers were simply recirculated for either 60 minutes (for the
0.1 mA/cm2 control) or 10 minutes (for the 1 mA/cm2 control). At the end of the
experiment, the entire cathode volume was emptied into a clean 20 mL
scintillation vial. Initial experiments showed that using the cathode chamber
contents produced plates (refer to Section 4.1.5) that were well above the ideal
colony count of 20-200, so the samples were diluted using Hach sterile buffered
dilution water. The dilutions were either 1:10 or 1:5, depending on the initial
coliform concentration of that week. Catalase was used to quench any residual
H2O2 in the samples to ensure that no H2O2 was transferred onto the plates.
H2O2 on the plates may have allowed for continued disinfection after the
experiment duration was over, thus resulting in inaccurate colony counts.
Catalase was added using a conversion factor of 3 mg catalase/50 mg H 2O2.
H2O2 concentrations at each time point were approximated using the averages
determined in the H2O2 production experiments by finding the slope of the linear
portions of Figures 3-9a and 3-10a.
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4.1.5.

Coliform Quantification

Coliforms were quantified using Hach Method 10029. For each time point
for the experiments performed at a current density of 0.1 mA/cm 2, one sample
was taken from the synthetic greywater containing coliforms before being
recirculated through the reactor and one sample was taken after the recirculation
period. For the experiments performed at a current density of 1 mA/cm 2, the
experimental procedure was improved by taking two samples each before and
after the recirculation period. Three replicates were performed on the 0.1 mA/cm 2
experiments, and two replicates were performed on the 1 mA/cm 2 experiments.
To perform the coliform quantification, all necessary materials (a 500 mL
vacuum flask, 300 mL glass funnel, glass filter mount, sterile 47 mm membrane
filters, m-Coliblue24 broth, pipette tips, and forceps) were first sterilized in a
Purifier Type A2 Biosafety Cabinet under UV light for 10 minutes. 2 mL of mColiBlue24 broth was dispensed onto the necessary number of sterile absorbent
pads in sterile, 50 x 9 mm petri dishes.
The filtration apparatus was then assembled. The glass filter mount was
placed on top of the vacuum flask, and the forceps were then used to remove the
sterile membrane filter from its packaging and place it on top of the glass filter
mount. The glass funnel was placed on top of the filtration apparatus and the two
pieces were clamped together. The vacuum flask was removed from the
Biosafety Cabinet, attached to a vacuum hose, and DI water was used to seat
the filter.
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The entire diluted sample was then poured over the filtered, followed by
10 mL of Hach sterile buffered dilution water. This 10 mL of dilution water was
intended to spread the bacteria out on the filter. The vacuum was turned on until
there was no liquid remaining in the funnel and then turned off. The funnel was
then rinsed 3 times with 20 mL of sterile buffered dilution water, applying the
vacuum in between each rinse. After the last test, the filtration apparatus was
disconnected from the vacuum hose and placed into the Biosafety Cabinet. The
glass funnel was removed from the top of the apparatus and the sterile forceps
were used to carefully place the membrane filter on top of the absorbent pad in
the petri dish, avoiding air bubbles between the absorbent pad and the filter.
The petri dishes were incubated for 24 hours at 35 °C. The number of
colonies on each plate were then counted, and the plates containing the initial
samples were compared to the plates containing the final samples to determine
inactivation of coliforms. The m-Coliblue24 broth selects for coliforms and E. coli.
Blue colonies indicated E. coli and the combined number of red and blue
colonies indicated total coliforms. Sample pictures of the plates can be seen in
Appendix C. After each experiment, the reactors were taken apart and placed
under UV light for 10 minutes to ensure no active bacteria were transferred to
subsequent experiments.
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4.2.

Results and Discussion
4.2.1.

Disinfection at 0.1 mA/cm2

Figure 4-1 shows the level of disinfection that resulted in a 1-hour
duration on the 0.5 and 1.5 mg/cm2 cathodes at an applied current density of 0.1
mA/cm2. The experiments in Section 3 showed that the maximum
concentrations of H2O2 reached using a current density of 0.1 mA/cm 2 on the 0.5
and 1.5 mg/cm2 cathodes after four hours were 96 and 105 mg/L, respectively.
Because the concentrations produced were on the low end of the range that
previous studies required for adequate coliform inactivation, preliminary
experiments for this current density were run for two hours. These preliminary
experiments showed complete inactivation after this time period, and so the
contact times were shortened to 15, 30, 45, and 60 minutes.

Figure 4-1. Coliform inactivation in the cathode chamber from two different
catalyst loadings at a current density of 0.1 mA/cm 2. All experiments were run in
triplicate except the controls, which were run in duplicate. Error bars represent
one standard deviation.
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The 0.5 and 1.5 mg/cm2 cathodes both showed similar levels of coliform
inactivation at all time points, which is not surprising, as the concentrations
produced on the cathodes were also very similar at this current density (within 2
mg/L of each other) during the first hour of the H2O2 production experiments, as
seen in Figure A-1. What was surprising, however, was the high levels of
inactivation achieved with these concentrations. The control experiments, which
did not pass any current to the reactors, showed average log reduction (LR)
values of 0.36 and 0.44 for the 0.5 and 1.5 mg/cm2 cathodes at the one hour
mark, respectively. The controls do indicate that some inactivation occurred
without passing any current, but the LR values of the controls were consistently
higher than those of the experiments with an applied current density of 0.1
mA/cm2. At 60 minutes, average LR values of 1.91 and 1.16 were found for the
0.5 and 1.5 mg/cm2 cathodes, respectively.
These LR values, especially that of the 0.5 mg/cm 2 cathode, are similar to
those found by Wagner et al.28, who found that H2O2 doses of 100-500 mg/L
were needed to achieve an LR value of 2 when using a contact time of two
hours. However, according to the experiments in Section 3, the H2O2
concentrations in the cathodes of our electrochemical cells would have been
much lower than 100 mg/L at the tested times. In the studies of Wagner et al. 28,
they found that wastewater previously coagulated with ferric chloride (FeCl 3)
required lower doses of H2O2. Therefore, as the present experiments showed
higher levels of inactivation than those performed by Wagner et al., it is possible
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that the presence of the kaolin in SynGrey, which often contains iron impurities,
which may have led to the formation of Fenton’s reagent in the cathode, further
increasing the production of hydroxyl radicals, which attack key cell components
leading to inactivation.
4.2.2.

Disinfection at 1 mA/cm2

Figure 4-2 shows the level of disinfection that was achieved in 10 minutes
on the 0.5 and 1.5 mg/cm2 cathodes at an applied current density of 1 mA/cm2.
As in the experiments performed at a current density of 0.1 mA/cm 2, the control
experiments indicated some coliform inactivation without passing any current to
the cathode, but there was consistently more inactivation in the experiments
when using a current density of 1 mA/cm2. The average LR values for the control
experiments for the 0.5 and 1.5 mg/cm2 cathodes were 0.33 and 0.26,
respectively, and the average LR values at the 10 minute time point were 1.71
and 0.62 for the two catalyst loadings. However, the second trial of the 10 minute
experiment on the 0.5 mg/cm2 cathode appears to be an outlier, as it produced a
higher LR value than any other experiments run on this cathode at this current
density for all time points. If this second trial is disregarded, the LR value for the
10 minute time point on the 0.5 mg/cm2 cathode would be 0.96. As the
experiments run using the 1 mA/cm 2 current density were only run in duplicate, it
would be beneficial to run each time point a third time for a better indication of
the LR values at all time points.
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Figure 4-2. Coliform inactivation in the cathode chamber from two different
catalyst loadings at a current density of 1 mA/cm 2. All experiments were run in
duplicate. Error bars represent one standard deviation.
Figure 4-3 allows for an easy comparison of the coliform inactivation by
the 0.1 and 1 mA/cm2 current densities. In this figure, the point at the 10 minute
time point for the 1.5 mg/cm2 cathode has been replaced with the LR value of
just the first trial, as the second trial is believed to be an outlier. It is clear from
this figure that the application of a higher current density was capable of
producing similar levels of coliform activation after much shorter time periods. At
10 minutes, using a current density of 1 mA/cm 2, the LR values for the 0.5 and
1.5 mg/cm2 cathodes are 1.71 and 0.96, respectively. At 60 minutes, using a
current density of 0.1 mA/cm2, the LR values for the 0.5 and 1.5 mg/cm 2
cathodes are very similar at 1.91 and 1.16, respectively. Alasri et al.29 found that
the disinfection action of H2O2 was much slower than that of other liquid chemical
disinfectants, such as peracetic acid, and that bactericidal effects could be
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detected for certain organisms up to four hours after the initial H 2O2 dose was
applied. This may be the reason why the experiments run at a lower current
density for a longer time produced slightly lower LR values, as the longer contact
times may have given the slow-acting H2O2 enough time to inactivate certain
organisms that a 10 minute contact time could not.

Figure 4-3. Coliform inactivation in the cathode chamber from two different
catalyst loadings at a current density of 0.1 mA/cm 2 (open symbols) and 1
mA/cm2 (closed symbols). All experiments for times under 10 minutes were run
in duplicate except for the 10 minute point for the 1.5 mg/cm 2 cathode. All
experiments for times above 10 minutes were run in triplicate. Error bars
represent one standard deviation.
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5.
5.1.

CONCLUSIONS

Assessment of Research Objectives
5.1.1.

Determine the optimal catalyst loading on the cathode.
The control, an uncoated carbon cloth, produced the highest
H2O2 production efficiencies, but also had a very high
overpotential. The 0.5 and 1.5 mg/cm2 catalyst loadings
consistently produced similar and higher cathodic Coulombic
efficiencies than the 3.33 mg/cm2 catalyst loading, and had
much lower overpotentials than the control. At a current
density of 1 mA/cm2, the overpotential of the control was
1.06 V, while the overpotentials of the catalyst-coated
cathodes ranged from 0.3-0.4 V.

5.1.2.

Examine the effects of different applied current
densities on H2O2 production. The lowest applied current
density of 0.1 mA/cm2 consistently produced the lowest
concentrations of H2O2 and the smallest changes in pH. The
highest applied current density of 1 mA/cm2 produced the
highest concentrations of H2O2, as well as the largest
changes in pH. These large changes in pH may contribute to
concentrations stabilizing when pH values within the cathode
chamber approach the pKa of H2O2.
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5.1.3.

Examine the relationship between catalyst loading and
H2O2 production. SEM images showed that in gas-diffusion
electrodes, the applied catalyst does not form a layer on top
of the cathode. Instead, the catalyst seeps into the cloth,
resulting in a decreased porosity. Porosity measurements
from X-Ray CT showed the highest porosity in the uncoated
control cathode, which allows for the fast diffusion of H 2O2
into the electrolyte, and decreased porosity amongst the
coated cathodes led to decreased cathodic Coulombic
efficiency.

5.1.4.

Determine if the H2O2 produced can be used for in situ
disinfection of a synthetic greywater. Experiments
performed at current densities of 0.1 and 1 mA/cm 2 showed
that coliform inactivation can occur in the cathode chamber
of the electrochemical cells, and that the presence of
aluminum and iron impurities in greywater may have
synergistic effects for the disinfection properties of H 2O2.

5.2.

Recommended Future Studies

There are likely other factors which affect H2O2 production efficiencies
besides applied current density and catalyst loading. All of the above studies
were conducted at a recirculation rate of 25 mL/min. It would be interesting to
vary recirculation rates and examine the effects on H 2O2 production. Wang et
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al.41 tested recirculation rates of 0, 4, 40, and 240 mL/min in an MFC to see how
recirculation rate affected power output. They found that power density increased
with recirculation rate up until 40 mL/min, and then declined. They believed that
this was because increased recirculation rate allowed for increased proton
movement, which prevented the fast acidification of the electrolyte in the anode
chamber. In turn, this allows the anode chamber to stay at the circumneutral pH
that the ARB require. Additionally, Jafary et al.42 found decreasing currents
produced from the anode of their MFC when they decreased the recirculation
rate from 20 mL/min to 1 mL/min. Thus, most of the research related to
recirculation rates in MFCs has focused on the anode.
Recirculation rates may also have interesting effects on the cathode. If
H2O2 is produced throughout the entirety of the catalyst layer before diffusing into
the bulk catholyte, then there is a concentration gradient between the interface of
the carbon cloth/catalyst edge and the catholyte. The catalyst layer itself will
have a higher H2O2 concentration than the bulk solution, which may give them a
chance to interact to form water (H2O2 + 2H+ + 2e- →2H2O). Therefore,
increasing recirculation rate and decreasing the thickness of this diffusion layer
may increase the efficiency of the MPPC.
Next, ex situ studies involving disinfection with H2O2 would be useful in
discerning the kinetics of the reaction. The above studies have shown that in situ
disinfection in the cathode chamber using current densities of 0.1 and 10 mA/cm 2
is possible, but those studies were complicated by the fact that the H2O2
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concentration was increasing over time. Therefore, studies should be performed
by adding the producible concentrations of H2O2 to greywater and taking
samples over time to measure bacterial inactivation.
Finally, studies on the effectiveness of advanced oxidation techniques
using the H2O2 produced in the MPPCs should be performed. This could involve
the addition of ferrous iron or ozone to the cathode chamber, or the use of UV
light, in conjunction with monitoring COD values over time.

63

APPENDICES

64

APPENDIX A - H2O2 Concentrations and Cathodic Coulombic Efficiencies
for Additional Current Densities

(a)
(b)
Figure A-1. (a) H2O2 concentrations and (b) cathodic Coulombic efficiencies for
three different catalyst loadings at a current density of 0.1 mA/cm2. All
concentrations and efficiencies are the averages of three replicates. Error bars
represent one standard deviation.

(a)
(b)
Figure A-2. (a) H2O2 concentrations and (b) cathodic coulombic efficiencies for
three different catalyst loadings at a current density of 0.5 mA/cm2. All
concentrations and efficiencies are the averages of three replicates. Error bars
represent one standard deviation.
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APPENDIX B - Synthetic Greywater Composition
Table B-1. Adapted SynGrey recipe used in disinfection experiments.
Chemical

Concentration
(mg/L)

Ammonium chloride

Water Quality Parameter

12.25 Ammonium, chloride

BetaineA

1.5 Zwitterionic surfactant

Benzalkonium chlorideB

2.5 Cationic surfactant

Calcium carbonate anhydrous

2 Calcium, pH

Calcium chloride dihydrate

63.25 Calcium, chloride

Cellulose

52.25 COD, turbidity

Kaolin

35.5 Turbidity

Magnesium sulfate anhydrous

110 Magnesium, sulfate

Potassium chloride

8 Potassium, chloride

Sodium bicarbonate

29.5 Sodium, pH

Sodium chloride

120 Sodium, chloride

Sodium dodecyl sulfate

15 Anionic surfactant

Sodium nitrate

4.5 Sodium, nitrate

Sodium sulfate

100.25 Sodium, sulfate

Yeast extract

52.5 COD, total nitrogen,
ammonium, total
phosphorus, phosphate

Betaine was substituted for Cocamidopropyl betaine. Substitution was made on
a molar basis.
Benzalkonium chloride was substituted for Hydroxyethylcellulose ethylate.
Substitution was made on a molar basis.
A

B
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APPENDIX C- Sample Pictures of Coliform Quantification

(a)
(b)
Figure C-1. (a) Initial sample plate. The volume of the initial sample was 1 mL to
keep the colony count in the ideal range of 20-200. (b) Final sample plate after
45 minutes of recirculation with an applied current density of 0.1 mA/cm 2 on the
0.5 mg/cm2 cathode. The volume of the final sample was 2 mL to keep the
colony count within the ideal range of 20-200.
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